a Zwitterionic cellulose nanofibrils (ZCNF) with isoelectric point of 3.4 were obtained by grafting glycidyltrimethylammonium chloride onto TEMPO/NaBr/NaOCl-oxidised cellulose nanofibrils. ZCNF aqueous dispersions were characterized via transmission electron microscopy, rheology and small angle neutron scattering, revealing a fibril-bundle structure with pronounced aggregation at pH 7. Surfactants were successfully employed to tune the stability of the ZCNF dispersions. Upon addition of the anionic surfactant, sodium dodecyl sulfate, the ZCNF dispersion shows individualized fibrils due to electrostatic stabilization. On the contrary, upon addition of the cationic species dodecyltrimethylammonium bromide, the dispersion undergoes charge neutralization, leading to more pronounced flocculation.
Introduction
Zwitterionic polymers are a class of polyampholytes, containing anionic and cationic groups with neutral net charge at a specific pH. 1 In the last decade this class of compounds has received attention for metal binding, 2 antifouling 3-5 and antimicrobial 6 properties and their application in drug delivery 7 and encapsulation. 8, 9 The self-assembly and the stabilization of zwitterionic moieties depends on pH, ionic strength and temperature; 10 ideal features for the development of responsive materials. 2, 11 At the isoelectric point (IP), polyampholyte polymers (e.g. proteins) show charge symmetry between the negatively and positively charged moieties leading to flocculation, whereas electrostatic stabilization dominates at pH values far from the IP. 10, 11 Ionic strength has also been shown to change the conformational arrangement of block polyampholytes and to strongly influence protein solubility, due to a charge screening effect. 12, 13 Although electrostatic stabilization of zwitterionic components is easy to achieve, a drawback is the decreased charge accessibility; a desirable feature for drug delivery. In order to ensure particle stabilization while retaining their surface and charge accessibility, depletion stabilization has been previously employed to stabilize several colloidal particles, including gold 14 and silica particles. 15 This mechanism occurs when particles, in the presence of non-adsorbing polymers, gain configurational entropy over the attractive osmotic pressure caused by the depletion layer. 16 This phenomenon occurs at polymer concentrations beyond the concentration required to induce depletion flocculation due to the overlapping of the polymer, which decreases the attractive osmotic energy. 16 Zwitterionic components, such as proteins, can compete with food supplies, whereas block polyampholytes are not necessarily biodegradable or derived from renewable sources.
Here we describe a novel route for the production of plantbased zwitterionic cellulose nanofibrils (ZCNF), based on the reported TEMPO-mediated oxidation [17] [18] [19] and glycidyltrimethylammonium chloride (GTMAC) cationization reactions. 20, 21 This functionalization route involves the selective introduction of negatively charged carboxyl groups 17, 19, 22 by oxidation followed by grafting of quaternary ammonium groups from the GTMAC-cationization. 21 Although pathways for the production of cellulose nanofibrils (CNF) bearing oppositely charged moieties have been reported, 6, 7 their self-assembly in aqueous media has not, to the best of our knowledge, been reported, although the colloidal properties of oxidised cellulose nanofibrils (OCNF) 18, [23] [24] [25] and quaternary ammonium salt grafted CNF 21,26,27 aqueous dispersions have been characterized. Here we describe the functionalization and double-charge nature of ZCNF revealed by 13 C nuclear magnetic resonance (NMR) spectroscopy and ζ-potential measurements. The relative stability and structure of dispersions of ampholytic ZCNF in aqueous media containing the anionic surfactant sodium dodecyl sulfate (SDS), cationic surfactant dodecyltrimethylammonium bromide (DTAB) and non-ionic surfactant TWEEN ® 80 (TW80) was investigated via ζ-potential, transmission electron microscopy (TEM), rheology and small angle neutron scattering (SANS).
Sample preparation
OCNF, prepared using a TEMPO/NaOCl/NaBr oxidation 28 of wood pulp followed by high-pressure homogenization, was provided by Croda® International Plc (Goole, UK) as an 8 wt% slurry. The material was purified by dialysis to ensure that any salts or other process related impurities were removed. In brief, 20 g of OCNF was suspended in 100 mL of DI, dispersed by thorough stirring at room temperature, acidified to pH 3 using 1 M HCl (aq) and dialysed (Sigma-Aldrich® cellulose dialysis tubing, molecular weight cut-off 12400 Da) against deionised water, DI, for 3 days with daily replacement of DI. The dialysed OCNF was processed via mechanical shear (ULTRA TURRAX, IKA T25 digital, 30 min at 6500 rpm) and the pH adjusted to 7 using 0.1 M NaOH (aq). After a second dialysis step (as previously reported) the dispersion was diluted to ca 2 wt% (dry-basis) and dispersed by Afterwards, an aliquot of surfactant solution was added to the dispersion (drop wise to the air-water interface) and the evolution of the ߛ ௪ in the static solution was monitored for 60 min. It is noted that the surfactant concentrations (125 μM SDS,125 μM DTAB and 2.5 μM TW80) were chosen to be below the critical micelle concentration (CMC) of the surfactants. 29, 30 Control samples were prepared using DI water instead of the ZCNF dispersion. Small angle neutron scattering (SANS) data were collected on SANS2D and Larmor beamlines (Rutherford Appleton Laboratory, Didcot, UK) using wavelengths between 1.5 and 14 Å to obtain a q-range between 0.004 and 0.6 Å -1 . Freeze-dried ZCNF was dispersed in D 2 O by sonication, as described above, and ZCNF dispersions containing surfactant were prepared by addition of deuterated surfactants, d-SDS and d-DTAB (in dry form, provided by the ISIS Deuteration Facility) and thorough vortex-mixing. Samples were loaded into 1 mm thick quartz cells. Background subtraction and normalization of the scattered intensity I(q) (cm -1 ) was conducted using the Mantid software routine and data modelling was conducted using the software Sasview 4.0.1. 31 In agreement with the particle morphology observed by TEM measurements, ZCNF were modelled as flexible cylinders with elliptical cross sections and uniform scattering length densities, based on the worm-like chain model of Kratky and Porod with the incorporation of the excluded volume effect as described by Pedersen and Schurtenberger. 32 The Kuhn length, b Kuhn , (twice the persistence length) and the major radius, r maj , of the crosssection were fitted variables while the fibril contour length, L c , and minor radius, r min , were fixed. The parameter L c could not be determined within the probed q-range, therefore, it was fixed at an arbitrary value of 1000 nm, L c ≫ ‫ݍ/ߨ2(‬ ) whereas r min was fixed to 1 nm, based on SANS data obtained for CNF. 27 Please do not adjust margins Please do not adjust margins Solid state NMR experiments were performed at room temperature using a Bruker Avance III spectrometer equipped with a 4 mm triple resonance probe operating at frequencies of 300. conducted at MAS rate of 10 kHz for ZCNF and OCNF powders tightly packed in an 80 µL rotor ( Figure 1,  †ESI Fig. S3 ). It should be noted that to prove covalent grafting of the GTAMC to the OCNF fibrils, excluding the hypothesis of ionic complexation between the negatively charged carboxyl group and the oppositely charged ammonium group, 13 C DP NMR spectra were collected for the freeze-dried powder before and after being thoroughly washed with acid solution (pH 2) and dialysed against DI (Figure 1,  †ESI Fig. S3 ). Relaxation delays of 200 (for 4 k scans) and 800 s (for 512 scans) were employed for the washed and non-washed ZCNF powder, respectively ( Figure 1,  †ESI Fig. S3 ). It should be noted that an 800 s recycle delay is sufficient for full relaxation of 13 C nuclei in cellulose samples. 33 All spectra were referenced with respect to TMS.
The degree of cationic substitution (DS) of ZCNF was estimated using Eq. 1.
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Results and discussion
The ampholytic character of ZCNF was revealed by solid state 13 C NMR and ζ-potential measurements. Quantitative solid state 13 C NMR spectra confirmed the presence of the quaternary ammonium group on the ZCNF (peak at 55 ppm), 34 and a DS (Eq. 1) of 23% was obtained (Fig. 1 ). In addition, comparison of the C4 chemical environments in OCNF and ZCNF 13 C{ 1 H} DP NMR spectra (84 and 89 ppm for the amorphous and crystalline features, respectively 35 ) showed similar intensity peaks for the crystalline and amorphous components, indicating that no significant change was caused to the crystalline structure of ZCNF upon GTMAC functionalization ( †ESI Fig. S3 ). 13 C{ 1 H} DP MAS NMR spectra of both OCNF and ZCNF showed the presence of the carboxyl group carbon atom at 175 ppm ( †ESI, Fig. S3 ). 25, 36 The 13 C{ 1 H} DP MAS NMR spectrum acquired with 800 s relaxation delay (Figure 1 ), in line with previously reported estimate for the relaxation delay, 33 showed the same DS value as with 200 s ( †ESI Figure S3 ). ‡ The ζ-potential of ZCNF was measured across a wide pH range, from pH 2.2 to 11.1, and further compared with that of the precursor OCNF (Fig. 2) . For the pH range investigated, the ζ-potential of ZCNF is confined between +30 and -30 mV. At pH < 3.3, the ZCNF dispersions shows a positive ζ-potential, indicating that the positively charged ammonium group outweighs the charge contribution of the protonated carboxyl group. Oppositely, at pH > 3.3 the net negative ζ-potential indicates that the negatively charged carboxyl group outweighs the positively charged ammonium group. The IP of ZCNF was estimated to be between pH 3.3 and 3.5. As previously reported, the ζ-potential of OCNF remains negative over the range of pH tested, approaching neutrality at pH values close to the pKa of the carboxyl group. 37 The presence of oppositely charged moieties on the ZCNF surface strongly affected the stability of ZCNF aqueous dispersions at pH 6.8 upon addition of ionic and non-ionic surfactants.The stability of aqueous ZCNF dispersions was investigated upon addition of negatively charged SDS, positively charged DTAB and non-ionic TW80, referred to henceforth as ZCNF+SDS, ZCNF+DTAB and ZCNF+TW80 respectively. From visual observation, the 0.5 wt% ZCNF dispersions in the presence of 25 mM SDS, DTAB and TW80 showed different behaviour ( Fig. 3a) : 2 h after preparation, the ZCNF+DTAB dispersion shows similar turbidity to the ZCNF dispersion without surfactant, but the ZCNF+SDS exhibits decreased turbidity, suggesting a noteworthy reduction in aggregate size. Although less pronounced than the case of ZCNF+SDS, the ZCNF+TW80 dispersion also shows a decrease in turbidity, suggesting the presence of smaller ZCNF aggregates following TW80 addition. After 3 days, all the dispersions show some sedimentation (Fig. 3b) . The ZCNF+DTAB and ZCNF+TW80 samples show similar sedimentation to the surfactant-free dispersion, but the ZCNF+SDS sample shows a smaller quantity of more translucent sediment. Measurement of particle surface charge
addition. 38 As such, the ζ-potential of ZCNF in the presence of 25 mM SDS, DTAB and TW80 was investigated (Fig. 3c) . The pure ZCNF dispersion has a ζ-potential of -23 mV, reflecting the net negative surface charge of the fibrils at pH 6.8. The ZCNF+SDS dispersion has a greater net negative surface charge compared to the pure ZCNF dispersion (-32 mV), indicating neutralization of the positively charged ZCNF moieties via electrostatic screening provided by the negatively charged SDS. On the contrary, the ZCNF+DTAB dispersion shows a decrease in surface charge (-10 mV) due to screening of negatively charged ZCNF moieties by oppositely charged DTAB. Similarly Hu et al. reported a decrease in ζ-potential of negatively charged cellulose nanocrystals upon addition of positively charged surfactants. 39 It is noted that for values of ζ-potential between +/-30 mV attractive forces are dominant over the repulsive electrostatic forces, leading to flocculation and/or aggregation of the particles. 40 Thus, the ζ-potential measurements of the ZCNF dispersions suggest electrostatic stabilization upon SDS addition (ζ < -30 mV) whereas a pronounced instability occurs upon DTAB addition (-30 < ζ < +30 mV). Addition of neutral TW80 to the ZCNF dispersion results in an insignificant change in surface charge (-20 mV), as expected for addition of non-ionic surfactant, but non-electrostatic driven adsorption of TW80 onto the ZCNF surface could not be excluded by ζ-potential measurements. In order to probe non-electrostatic driven adsorption, surface tension measurements were performed. This experiment relies on the fact that the formation of a ZCNF-surfactant complex will exhibit different adsorption kinetics at the air-water interface compared to the individual components. The ߛ ௪ of the ZCNF dispersion did not deviate significantly from that of water (72 mN m -1 at 25°C), indicating a lack of surface active properties. Upon addition of SDS (dropwise at the air-water interface) to the ZCNF dispersion, the ߛ ௪ decreases drastically due to the direct addition of the surface active component at the air-water interface, which induces a surfactant and ߛ ௪ gradient (Marangoni effect). 10 Nevertheless, the concentration of surfactant distributed between air-water interface and the bulk approaches equilibrium with time, reflected in a plateau of ߛ ௪ versus time (Fig. 4) . The ߛ ௪ of the ZCNF+SDS is significantly lower than the ߛ ௪ of the pure surfactant in water. In agreement with ζ-potential measurements, this phenomenon suggests formation of ZCNF-SDS complexes, which have greater surface activity compared to the individual ZCNF and SDS. The addition of DTAB to the ZCNF dispersion also leads to a distinct reduction in ߛ ௪ compared to pure DTAB in water. The ߛ ௪ of the ZCNF+DTAB dispersion does not reach equilibrium within 60 min and a thin film is slowly formed at the air-water interface (insert image 4b). This observation supports the hypothesis that the adsorption of the positively charged DTAB onto the negative moieties of ZCNF occurs, neutralising charge, rendering the particles more hydrophobic and thus likely to migrate to the air-water interface. Similar phenomena have been previously reported, for example, protein-gum arabic coacervates are more effective at reducing the ߛ ௪ than the single components alone. 41 Moreover, the slow change of ߛ ௪ with time, for the ZCNF+DTAB dispersion, points to the presence of slowly migrating aggregates, compared to those occurring in the ZCNF+SDS dispersion, suggesting that larger aggregates are formed in this case. For the ZCNF+TW80 dispersion, the ߛ ௪ lies within the standard deviation of the ߛ ௪ of the pure surfactant, therefore, the hypothesis of a non-electrostatically driven adsorption of TW80 to the ZCNF can be discarded. In order to gain information about shape, size and aggregation of the ZCNF, TEM images were collected ( The presence of individualized fibrils strongly suggest that SDS leads to defibrillation of the ZCNF bundles. The ZCNF+DTAB dispersion shows thick fibril-bundles as observed for the ZCNF dispersion. Overall, the TEM images agree with visual observation (Fig. 3) where thick fibril-bundles appear as more turbid dispersions compared to the translucent dispersions with SDS reflecting individualized and well dispersed fibrils. In order to gain information about the evolution of the ZCNF aggregates upon surfactant addition, the shear viscosity of 0.5 wt% ZCNF dispersions was measured at different SDS, DTAB and TW80 concentrations (Fig. 6Error ! Reference source not found.). A significant reduction in η r occurs even upon addition of 1 mM SDS, a concentration well below the surfactant CMC (7 < CMC < 10 mM). 30 A further decrease in η r occurs upon addition of 25 mM SDS and the values of η r remain similar up to 100 mM SDS, indicating that only a minimal quantity of SDS, between 1 and 25 mM, is needed to achieve a significant change in rheological properties. On the contrary, the addition of different concentrations of DTAB (from 5 to 50 mM) and TW80 (from 10 to 100 mM) produce dispersions with similar rheological behaviour to the ZCNF alone dispersions. The η r of the 0.5 wt% ZCNF dispersions with 50 mM SDS, DTAB and TW80 were compared based on the severity of the shear thinning behaviour (Fig. 7Error ! Reference source not found.a). A power law was fitted to the shear viscosity curves and the exponent, corresponding to the slope, used as an indicator of the shear thinning intensity (η ~ shear rate ) . Upon addition of SDS, the ZCNF dispersion shows a clear transition from shear thinning to an almost shear independent fluid (with a slope change from -0.61 to -0.11) alongside a noteworthy decrease in η r . These changes in the rheological properties of the ZCNF+SDS dispersion could be assigned to i) the presence of individualized fibrils and/or thinner fibrilbundles, which easily follow the direction of the flow, supporting the defibrillation suggested by analysis of TEM images (Fig. 5Error! Reference source not found.) or ii) the disruption of aggregates at shear rates below 25 s -1 .
Conversely, the ZCNF+DTAB dispersion shows a more pronounced η r decay upon shear (slope = -0.71) than the ZCNF dispersion, indicating greater flocculation and the presence of aggregates that are readily disrupted by shear forces. 44 The ZCNF dispersion containing TW80 shows less pronounced shear thinning behaviour (slope = -0.50), suggesting less pronounced aggregation. 44 The weakly shear thinning behaviour of the 0.5 wt% ZCNF dispersion containing 50 mM SDS was qualitatively evaluated in terms of flow birefringence and compared to a dispersion of OCNF, the ZCNF precursor, as a positive control. Many studies have shown birefringence in cellulose dispersions and ascribed this phenomenon to the presence of nematic self-ordering of the fibrils. 18, 26, 42, 45 The 0.5 wt% ZCNF+SDS dispersion shows no flow induced birefringence, in contrast to the OCNF dispersion. Therefore, no flow induced alignment of ZCNF occurs in presence of SDS, while a nematic self-ordering of the fibrils is observed for the OCNF dispersion as previously reported. 45 The absence of flow induced self-ordering of the ZCNF+SDS dispersion could be ascribed to the presence of free micelles, leading to steric hindrance, as well as weak hydrophobic interactions between the surfactant tails ionically grafted onto the ZCNF surface. Similar to the ZCNF+SDS dispersion, the pure ZCNF, ZCNF+DTAB and ZCNF+TW80 dispersions exhibited no flow induced birefringence. SANS analysis provides non-invasive sample measurements, a good statistical overview and the ability to highlight only the ZCNF structure, by contrast matching the surfactant (d-SDS, d-DTAB) to the solvent (D 2 O). Thus, analysis of SANS data provided the opportunity to compare the aggregation states of ZCNF in presence of both SDS and DTAB. Data were collected for ZCNF+SDS and ZCNF+DTAB dispersions at surfactant concentrations of 1 and 5 mM respectively. These concentrations were chosen in order to match the lowest surfactant concentrations used in this study. (As d-TW80 is not readily available, contrast matching experiments (surfactantsolvent) with this surfactant were not possible.) None of the ZCNF dispersions, with or without surfactant, showed the presence of a Guinier region, indicating that the largest dimension of the fibril, the length, is not fully probed within the q-range used (Fig. 8) The zwitterionic nature of ZCNF leads to the formation of fibril-bundles which further self-assemble into dense aggregates, reflected in fractal dimension D m = 2.6, due to attractive electrostatic forces. Addition of negatively charged SDS to the ZCNF dispersion results in electrostatic complexation between SDS and the positively charged moieties present on ZCNF. The ZCNF-SDS complexes lead to electrostatically stabilized dispersions (ζ < -30 mV), leading to the individualization of fibrils which generate less turbid, more stable, lower viscosity and weakly shear thinning dispersions (Fig. 9) . Upon DTAB addition, the ZCNF negative charge is partially screened due to ZCNF-DTAB complex formation leading to greater charge symmetry (ζ = -10 mV), usually associated to the formation of flocculated aggregates. 11 The more strongly flocculated nature of the DTAB containing dispersion is evidenced by the greater magnitude of shear thinning behaviour (slope of the η r curve). Moreover, the similarity in the scattering pattern between the ZCNF and the DTAB containing dispersion indicates that the fibrilbundles assemble in a similar fashion. The addition of nonionic TW80 to the ZCNF leads to more translucent and less shear thinning dispersions, as expected for more stable, less flocculated, dispersions. 44 Therefore, the presence of free TW80 in dispersion and the enhanced stabilization of ZCNF suggest a mechanism of depletion stabilization induced by the non-adsorbed TW80. Although still a topic of some debate, the depletion stabilization mechanism according to Fleer and Vincent occurs at polymer concentrations beyond the polymer concentration required to induce depletion flocculation and is ascribed to the gain in configurational entropy of the particles over the osmotic attractive energy caused by the depletion layer. 16, 51 Nevertheless, it is noted that the concentration threshold for a change between depletion flocculation to depletion stabilization mechanism in ZCNF suspensions was not observed within the concentration range of TW80 investigated, probably due to its low CMC (12 μM).
Conclusion
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Aggregation in aqueous dispersions of zwitterionic cellulose nanofibrils can be controlled by addition of cationic and anionic surfactants.
